MyoD is a muscle-specific transcription factor involved in commitment of cells to myogenesis. MyoD mRNA levels differ between fast and slow muscles, suggesting that MyoD may regulate aspects of fibre type. Here we show that detectable MyoD protein becomes restricted during development to the nuclei of the fastest classes of fibres in fast muscles. myoDm' mice, in which the myoD gene has been disrupted, show subtle shifts in fibre type of fast muscles toward a slower character, suggesting that MyoD is involved in the maintenance of the fast IIB/IIX fibre type. In contrast, slow muscle shifts to a faster phenotype in myoDm'. Moreover, MD6.0-1acZ transgenic mice with the myoD promoter driving lucZ, show highest fi-galactosidase activity in the fastest fibres of fast muscles, but also express low levels in slow fibres of slow, but not fast, muscles, suggesting distinct regulation of gene expression in slow fibres of fast and slow muscles. 0 1997 Elsevier Science Ireland Ltd. All rights reserved
Introduction
Individual muscles in mature limbs contain a mixture of different fibre types. Slow muscles are responsible for maintaining posture but contain some fast fibres, whereas fast muscles, although specialised for movements, contain small numbers of slow fibres. Fast and slow muscle fibres express distinct isoforms of myosin heavy chain (MyHC) and other proteins that confer upon them fast or slow contractile properties (Pette and Staron, 1990) . Slow oxidative, or type I, fibres are responsible for sustained contractions of muscle and contain slow MyHC which has a low actin-activated ATPase activity. In contrast, there are at least three fast, or type II, fibre types with distinct contraction speeds which are sequentially recruited for progressively more forceful movements. Fast oxidative IIA, fast intermediate 11X and fast glycolytic IIB fibres express IIA, 11X and IIB MyHC genes, respectively, and the corresponding MyHC proteins hydrolyse ATP successively faster so that the fibre types contract with progressively faster kinetics (Schiaffino et al., 1989) . In general, expression of MyHC is uniform along the length of a multinucleate muscle fibre and is under the control of a range of factors including the electrical pattern of stimulation the muscle fibre receives from its motoneuron (Buller et al., 1960; Butler et al., 1982; Harris et al., 1989; Condon et al., 1990 ) and the hormonal state of the animal (Izumo et al., 1986) . As part of a program to understand how fibre type-specific gene expression is controlled we have focused on transcription factors in adult muscle that may regulate the expression of genes that are differentially expressed between fast and slow muscle (Hughes et al., 1993b) . Among such factors, MyoD is one of the best characterised to date.
MyoD is a member of the basic helix-loop-helix transcription factor family and is capable of inducing musclespecific gene expression in vivo and in tissue culture cells Western analysis of MyoD in 1 (lwk), 5 week (5wk) postnatal and 4 month adult (Ad) lower hindlimb total muscle protein extracts shows a single M, 47000 band. MyoD is less abundant in isolated soleus (Sol) than in extensor digitorum longus (Edl) muscles from both 5 week postnatal and adult mice. (B) Western analysis of high salt extracts of 1 week postnatal and 4 month adult muscle contained a single MyoDreactive band of M, comparable to the upper of two bands detected in a sample containing one tenth the protein from an extract of 3 day myotubes derived from a cultured H2KtsA.58 mouse myoblast clone (MT).
(C) P46 adult tibialis anterior (TA), extensor digitorum longus and soleus muscles and liver extracts containing equal total protein show a single M, 47000 band in muscle but not liver. To facilitate separation of MyoD from highly abundant actin, extracts were F-actin-depleted by centrifugation in high salt (B,C) prior to resolution on 15% SDS-PAGE. MyoD was undetectable when the resuspended pellets from this procedure were analysed in parallel. Note that the high percentage gel lead to inefficient transfer of proteins above about M, 100 000. In separate experiments no reactivity of the anti-MyoD antibody with proteins outside the range shown was detected. Probing of the samples for slow MyHC isoforms with antibody A4.840 confirmed that Sol contained abundant slow MyHC whereas TA and Ed1 did not. Numbers beneath lanes in (C) represent the percentage of MyoD reactivity in each sample relative to that in the tibialis anterior sample, quantified by scanning densitometry. All samples in each panel contained equal total protein.
(for reviews see Sassoon, 1993; Weintraub, 1993; Buckingham, 1994) . MyoD is expressed in myogenic cells in muscle-forming regions from early stages of rodent development, reaching a peak around the time of birth (Eftimie et al., 1991; Witzemann and Sakmann, 1991) and suggesting a role for MyoD in the formation and differentiation of myoblasts, the mononucleate precursor cells that fuse to generate syncitial muscle fibres. Although mice defective in myoD form and maintain functional muscle, mice missing both MyoD and the closely related protein myf-5 do not form muscle (Rudnicki et al., 1993) . Taken together with the observation that myf-5 expression is up-regulated in myoD ' mice (Rudnicki et al., 1992) . these data suggest that a MyoD-like function is required for muscle formation. However, the downstream genes that are targets of MyoD activity in vivo are unclear.
Whatever the role of MyoD in the formation and differentiation of myoblasts, the continued expression of MyoD mRNA in adult muscle suggests that it also functions to control gene expression in the adult. MyoD mRNA is expressed primarily in fast muscle of adult rats (Hughes et al., 1993b; Voytik et al., 1993) and this expression changes upon manipulations that alter muscle fibre type, indicating that MyoD may be involved in the regulation of fibre type-specific gene expression in adult muscle fibres (Hughes et al., 1993b) . myoD" mice have reduced fast muscle mass and differences in satellite cell proliferative properties (Megeney et al., 1996) . Consistent with a role for MyoD in adult fast fibres, myoD-'-mice are found to have differences compared to wildtype littermates in the response of fast muscle fibres to calcium activation that parallels differences in troponin T isoform expression (Metzger et al., 1995) .
Here we examine the accumulation of MyoD protein in adult muscle and show that MyoD content differs between muscles with fast and slow characteristics. We find that loss of myoD gene function leads to subtle shifts in fast or slow phenotype of muscle fibres consistent with effects of MyoD in fibres in which it would normally be expressed. The data indicate a role for MyoD in fibre type-specific regulation of gene expression within adult muscles.
Results

MyoD expression is predominantly in fast muscles of adult mice
MyoD protein levels remain significant throughout postnatal rodent muscle maturation.
We analysed protein extracts from mouse muscle by Western blotting using an affinity purified antiserum raised against MyoD (Koishi et al., 1995) and detected a single MyoD-immunoreactive protein of around M, 47 x lo" in 1 and 5 week old postnatal and adult mice (Fig. 1 A) . The detected band matches the reported range of size for MyoD on Western analysis (Tapscott et al., 1988; Nakamura, 1993) and co-migrates with the upper of two highly abundant bands present in extracts of cultured myotubes differentiated in vitro from myoblasts cloned from the H2KtsA58 mouse (Morgan et al., 1994) (Fig. 1B) . The intensity of the MyoD-immunoreactive band did not vary reproducibly from 1 week postnatal to the adult, either relative to wet weight of muscle tissue or to total protein extracted. Thus, although MyoD mRNA levels decline slightly during postnatal muscle growth MyoD protein is still present in mature muscle.
The MyoD protein present in adult muscle is mainly in fast muscles (Fig. lA,C) . In both 5 week old and adult mice MyoD protein is more abundant in the fast extensor digitorum longus muscles than in the slow soleus (Fig.  1A) . A more detailed analysis on protein extracted from specific 6 week old mouse muscles showed that MyoD immunoreactivity was around 6-fold more abundant in fast extensor digitorum longus or tibialis anterior muscles than in the slow soleus and is undetectable in liver, a nonmuscle tissue (Fig. 1C) . Similar results were observed with rat muscles (data not shown). MyoD mRNA levels are higher in fast than in slow adult muscles (Hughes et al., 1993b; Voytik et al., 1993) so MyoD protein levels reflect MyoD mRNA accumulation in adult muscle.
MyoD is in myoblasts of neonates but predominantly in fast myojibre nuclei of adults
To determine in which cells MyoD accumulation occurred, MyoD protein was detected by immunohistochemistry in cryostat sections of rat lower hindlimb muscle from distinct developmental stages. MyoD protein was readily detectable in numerous nuclei in all muscles of the newborn rat, but not in a variety of non-muscle tissues ( Fig. 2A) . Many of these nuclei may be within myoblasts, as shown by Koishi et al. (1995) , based on their location between morphologically distinguishable muscle fibres (Fig. 2B , large arrowheads) and their lack of reactivity with monoclonal antibodies reactive to sarcomeric MyHC, a marker of myoblast differentiation (data not shown). However, some labelled nuclei appeared to be contained within nascent muscle fibres (Fig. 2B , small arrowhead). As muscle matures the intensity of MyoD immunoreactivity in muscle nuclei appears markedly heterogeneous: positive nuclei could be assigned to 'intense' or MyoDhi and 'weak' or MyoD"' categories. Small numbers of MyoDhi nuclei and more numerous MyoD" nuclei were present in fast muscles by the fifth postnatal week (Fig. 2C) . Although overall staining intensity in a nucleus is clearly a function of the combined effects of the plane of section, the accessibility of the antigen to antibody and the level of MyoD protein, we suspect that the staining observed corresponds in large part to differences in MyoD content because (a) parts of the same nucleus in two adjacent sections tended to stain with similar intensity, (b) changes in detergent treatments and proteolyses did not alter the heterogeneity of stain, (c) staining for the DNA present in all nuclei with the intercalating dye Hoechst 33258 did not show a similar variation, and (d), slow muscle, although containing some intensely MyoD-reactive nuclei, showed very few weakly labelled nuclei. As young rats mature the detection of MyoD by immunohistochemistry required longer periods of development of the colour reaction and the numbers of MyoDhi nuclei detectable in serial sections of each muscle decreased (Fig. 2) . By the eighth postnatal week only rare MyoDhi nuclei remained in all muscles of both rats and mice. However, as described in more detail below, additional numerous MyoD'" nuclei were detected in a variety of fast, but not slow, muscles at this stage (Fig. 2D,E ,G,H and Fig. 3A ,B) (Koishi et al., 1995) . Dual staining for MyoD and the sarcolemmal marker dystrophin has shown that many of the most readily detectable MyoD-reactive (MyoDhi) nuclei in adult muscle are within mononucleate muscle precursor cells (Koishi et al., 1995) . Moreover, after injury or other experimental procedures that promote muscle regeneration the frequency of intensely MyoD-reactive nuclei is enhanced (Fuchtbauer and Westphal, 1992; Grounds et al., 1992; Eppley et al., 1993; Weis, 1994; Koishi et al., 1995) . Thus, it is likely that the rare intensely MyoD-reactive nuclei in all normal adult muscles belong to proliferating or differentiating mononucleate myogenic cells involved in the steady state repair of muscle tissue.
To demonstrate that both the weakly and intensely MyoD-immunoreactive nuclei were stained due to the presence of MyoD and not due to an antibody cross-reaction we compared MyoD-reactivity in sections of wildtype and littermate myoD_'-mice. The myoD ' mice are deficient in myoD due to a genomically-targeted insertion. Whereas MyoDhi and MyoD" nuclei could be detected in wildtype mouse fast muscle, no specific reaction could be seen in the myoD ' mouse muscle (Fig. 3C,D) . Thus, our affinitypurified MyoD antiserum is a powerful and specific reagent for the detection of MyoD in sections
We did not detect a difference in MyoD accumulation between muscles in neonatal animals. The slow soleus and various fast muscles in P8 rat legs had a similar frequency of MyoD-reactive nuclei ( Fig. 2A ). Both MyoD'" and MyoDh' nuclei could be detected associated with muscle fibres in all muscles and no differences in the numbers or intensities of MyoD-reactivity was discernible between fast and slow muscles ( Fig. 2B and data not shown). So the differential accumulation of MyoD in fast and slow muscles arises during the second to fourth weeks of postnatal life in the rat.
In contrast to the decline in numbers of MyoDhi nuclei, MyoDl' nuclei remain abundant in many fast muscles as animals mature (Fig. 2C,D ,F,G). Such nuclei are very rare in the slow soleus muscle (Fig. 2E,H ). Almost all MyoD"' nuclei were located adjacent to the muscle fibre plasma membrane and it was therefore difficult to determine whether they were contained within multinucleate muscle of Development 61 (1997) [151] [152] [153] [154] [155] [156] [157] [158] [159] [160] [161] [162] [163] fibres, or in the mononucleate satellite myoblasts which are nestled in a similar position under the fibre basal lamina. That the MyoD" nuclei were contained within the multinucleate fibres rather than in associated mononucleate satellite cells was suggested by (a) the high abundance of MyoD" nuclei relative to the numbers of satellite myoblasts present (Gibson and Schultz, 1983) , (b) the occasional appearance of MyoD" nuclei in a central position within muscle fibres, and (c) the similar staining intensities of strings of aligned nuclei associated with individual fibres (Fig. 2C) . The presence of large numbers of MyoD'" nuclei in fast but not in slow muscle (Fig. 2C-H and Fig. 3A ,B) explains why, although there are similar numbers of MyoDhi nuclei in all muscles, there is more total MyoD protein in fast than slow muscle.
To determine whether the MyoDl" nuclei were associated with particular subsets of the various fibre types present within fast muscles we examined muscles which show regional differences in fast IIA, 11X and IIB fibre content. MyoD'" nuclei were most abundant and readily detectable in the superficial regions of fast muscles such as the tibialis anterior and lateral gastrocnemius, which are composed of fast IIB and 11X fibres (the fastest and intermediate classes) and less abundant in the deep regions of fast muscles that contain increased proportions of IIA fibres (the slower, oxidative fast fibres). Due to the location of muscle fibre nuclei at the periphery of the fibre and the close apposition of fibre membranes it is rarely possible to assign an individual MyoD'" nucleus to a particular fibre at the light microscopical level. However, in sections of fast muscles where fibres had become physically separated we frequently observed MyoD'" nuclei in association with large IIB fibres and rarely, if ever, associated with small IIA fibres. Slow soleus muscle, which is composed of about 50 or 10% IIA fibres in the mouse and rat, respectively, contains few, if any, MyoD" nuclei (Fig. 2E, H and 3B) . So weak MyoD-reactivity is predominantly detected in nuclei associated with the fastest classes of muscle fibres.
A shijI towards slower$bres in fast muscles of myoD knockout mice
To test the hypothesis that MyoD expression in adult muscle fibres is involved in regulating fibre type-specific gene expression we examined the muscles of myoD4-mice for changes in MyHC expression (Fig. 4) . Overall morphology, muscle pattern and the regional distribution of fast and slow fibre types was broadly unaltered, as previously reported for younger animals (Rudnicki et al., 1992) . However, when individual muscles were examined in detail small but consistent differences were observed between homozygous mutant and control littermate mice (Fig. 5) . In quantifying changes in the proportions of fibre types it is essential to determine the range of natural variation in fibre types in control animals. To achieve meaningful results we limited our analysis to muscles that show the least variation between animals and used antibodies that recognise unique or highly restricted subsets of MyHC isoforms. In the fast extensor digitorum longus (EDL) muscle, for example, a significant increase in the number of slow fibres was detected. We used a series of antibodies raised against distinct isoforms of slow and fast MyHCs to determine the expression of myosin isoforms in these animals. Two antibodies to slow MyHC isofonns, A4.840 that detects all slow MyHCs and A4.951 that detects only the adult slow MyHC isoform in rodents were employed (Hughes et al., 1993a) . Whereas myaDAmutant animals had 11% A4.840+ fibres (of which 5% were A4.951+) in the central zone of the mid belly of the EDL, control littermates had 5% A4.840+ fibres (of which 1% were A4.951f) in this region. No significant change was detected in the frequency of other fibre types. A more dramatic shift towards slower phenotypes was observed in the fast extensor halucis longus (EHL) muscle which lies next to the EDL but closer to the tibia (Fig. 4A-F and 5 ). An increase in fast IIA MyHC could readily be detected, with a corresponding loss in fast IIB MyHC (compare Fig.  4B ,C and 4E,F). In other muscles, for example in the fast Background staining on tendon and basal lamina was higher with IgG-than with IgM-reactive secondary antibodies. Bar. 100 PM. of Development 61 (1997) 261) and IIB fast (BF-F3) MyHC was determined in five muscles from 9 week old female myoD" (white bars) and control animals (black bars). Two fast muscles, extensor digitorum longus (EDL) and extensor halucis longus (EHL) showed shifts to slower fibre types, whereas the slow soleus (SOL) shifted to a faster character. Peroneus brevis (PB) and flexor halucis longus (FHL) showed no overt phenotype. Standard errors of the mean percentage (error bars) indicate that animal to animal variation within experimental or control groups was low in our procedure.
S.M. Hughes er al. /Mechanisms
Muscles were chosen for analysis on the basis of initial observations on separate legs which suggested phenotypic changes in EDL. EHL and SOL. In separate experiments no differences were detected between wildtype and heterozygous animals. To rule out the possibility that variation along the length of a muscle could account for the differences we (a) chose muscles with relatively simple tendon structure and homogeneous fibre type distribution and (b) sectioned one pair of legs serially and analysed at three positions between ankle and knee: similar trends were discernible at all leg levels. Significance levels of the differences from a null hypothesis of identity between the populations of -/-and control legs using log-transformed paired two-tailed l-tests are shown at *P < 0.05 and 'P < 0.01.
peroneus brevis and the anterior deep region of the fast flexor halucis longus, no shift in phenotype was detected (Fig. 5) . Thus, loss of MyoD protein causes a shift away from expression of the faster MyHC isoforms towards slower phenotypes, but the extent of this shift is distinct for each particular fast muscle.
myoD_'-mice show a shift towards faster Jibre phenotypes in slow muscle
We also observed a shift in fibre type-specific MyHC isoform expression in slow soleus muscle (Fig. 4G-L) . Rather than the increase in slower MyHC isoforms detected in some fast muscles, we found a decrease in slow MyHCs (Fig. 4G,J and 5 ) and the appearance of increased numbers of fibres that did not express either slow or fast IIA MyHCs. This result is most clearly demonstrated by the reaction with monoclonal antibody N2.26 1, that detects both slow and fast IIA MyHC isoforms: unlabelled fibres express 11X or IIB MyHCs. Approximately 13% of fibres in homozygous myoDd-mutant mice were unlabelled with the N2.261 antibody, whereas only around 2% were unlabelled in wildtype or heterozygous animals (Fig. 41,L and 5) . These N2.261-unlabelled fibres reacted with anti-MyHC antibodies that detect all fast MyHC isoforms, but not with the anti-IIB MyHC antibody BF-F3 and therefore are likely to express 11X MyHC (data not shown and Fig. 5 ). As there is no antibody available that specifically detects 11X MyHC in mice, we were unable to demonstrate the presence of 11X MyHC directly. However, the response of the slow soleus muscle to the loss of MyoD, a shift towards a faster fibre population, is the reverse of that found in various fast muscles.
Transgenic myoD reporter mice show low level expression in slow jibres of soleus
The slow muscle phenotype of the myoD-'-mice led us to re-examine the expression of MyoD protein in slow muscle. As the level of MyoD protein is low in slow adult muscle (Fig. l) , we were unable to detect any MyoD expression in the fibres of adult slow muscle by immunohistochemistry (Fig. 2E ,H and 3B). We had therefore attributed the low levels of MyoD protein detectable in the soleus by western blot to the readily detectable, but rare, intensely MyoD-reactive nuclei which we suspect are in satellite myoblasts. To obtain greater sensitivity in detection of MyoD expression we turned to the MD6.0-1acZ transgenic reporter mice we have used previously (Hughes et al., 1993b) in which the proximal promoter/ enhancer of the murine myoD gene drives expression of a nuclear-targeted P-galactosidase protein (Asakura et al., 1995) .
The expression of higher levels of MyoD protein in fast muscle is consistent with the observation that MD6.0-1acZ reporter mice express P-galactosidase activity mainly in of Development 61 (1997) 151-163 Fig. 6 . MD6.0-1acZ transgenic mice express reporter transgene in slow fibres of slow muscle. Muscle fibres expressing an nlslac2 reporter from the proximal myoD promoter/enhancer can be recognised by @-galactosidase staining. Serial 15 pm cryosections of MD6.0-1acZ transgenic mouse lower hindlimb were stained for /3-galactosidase after fixation to prevent diffusion and optimise P-galactosidase visualisation (A) or stained without fixation (B-E) to permit detection of both fi-galactosidase and fast or slow MyHC isoforms in the same section. (A) The reporter is strongly expressed in nuclei of fibres in the fast plan&is muscle (below white arrows), but is weakly expressed in or near nuclei of a subset of fibres (black arrowheads) in slow soleus muscle (above white arrows), (B) Monoclonal antibody A4.951 reveals co-localisation of fl-galactosidase activity with adult slow MyHC in slow fibres of soleus muscle (above white arrows) but fibres containing high levels of nuclear fi-galactosidase activity do not contain slow MyHC in the adjacent peroneus longus muscle (below white arrows). (C) Monoclonal antibody A4.74 reveals that the highest levels of fl-galactosidase activity are present in nuclei of large unstained IIB fibres of the deep tibialis anterior muscle while lower levels of @-galactosidase activity are detectable in the weakly A4.74. stained 11X fibres abundant in this muscle. (D) Monoclonal antibody N2.26 I shows that fibres containing slow and/or IIA MyHC do not express high pgalactosidase activity in the fast extensor digitorum longus. Rather most labelled nuclei are associated with unstained fast 11X or IIB fibres. (E) Monoclonal antibody A4.840 shows that fibres in the flexor halucis longus that do not express slow MyHC often have strong nls-fi-galactosidase activity in their nuclei but fibres containing slow MyHC do not accumulate detectable nls-P-galactosidase.
Both the high frequency of labelled nuclei in fast muscles and the occasional blue central nuclei within muscle fibres (open arrowheads in (A) and (D)) indicate that much nls-P-galactosidase is expressed in muscle fibres. The diffuse appearance of @-galactosidase staining in weakly labelled fibres may be attributed either to diffusion of the reaction products before precipitation in the Xgal reaction on unfixed tissue or to fl-galactosidase degradation. Muscles from non-transgenic mice show no detectable Xgal reaction. Bar. 50 grn.
the nuclei of fast IIB and 11X muscle fibres of fast muscles (Hughes et al., 1993b) (Fig. 6 ). Close examination of many muscles reveals that most blue nuclei are associated with non-slow non-IIA fibres (Fig. 6C-E and data not shown) . However, MD6.0-IacZ mice do express detectable figalactosidase activity in the slow soleus muscle (Fig.  6A) . Surprisingly, double stains for P-galactosidase and adult slow MyHC reveal that the majority of this weak @-galactosidase signal is present in slow, rather than fast, fibres in this slow muscle (Fig. 6B) . If this myoD reporter transgene accurately reflects MyoD expression within muscles, as it does between muscles, low levels of MyoD may be expressed in the slow fibres of slow muscle.
We examined fast muscles to determine whether they also expressed the transgene in slow fibres. Weak P-galactosidase activity (similar to that in the slow fibres of soleus) can be detected in the IIX fibres of the fast tibialis anterior muscle, whereas strong nuclear /%galactosidase activity is observed in the large IIB fibres (Fig. 6C) . HOWever, in the predominantly fast extensor digitorum longus muscle weak /3-galactbsidase activity is not detected in IIA or slow fibres identified by antibody N2.261. Instead, strong /3-galactosidase activity is observed in many nuclei associated with the predominantly IIB fibre population (Fig. 6D) . Similarly, slow fibres in fast muscle do not show /3-galactosidase activity (Fig. 6E) . This data suggests that low levels of MyoD protein are expressed in slow fibres in slow, but not fast, muscle. The lack of such MyoD expression in slow soleus fibres of myoD4-mice could contribute to the shift towards faster phenotypes observed in the soleus.
Discussion
MyoD is diflerentially expressed in myoblasts and adult fast and slow muscle jibres
We found that MyoD protein levels in postnatal rodent muscle are in general consistent with the mRNA levels detected by Northern analysis or in situ hybridisation (Eftimie et al., 1991; Witzemann and Sakmann, 1991; Hughes et al., 1993b; Voytik et al., 1993) . As animals mature, regional differences in MyoD expression within muscles become apparent. Whereas large numbers of weakly MyoD-reactive nuclei are detectable in fast muscle regions such as the superficial tibialis anterior, lateral gastrocnemius and flexor halucis longus of both rats and mice, such weakly MyoD-reactive nuclei can not be detected in the slow soleus muscle. This result agrees with previous observations that MyoD mRNA levels are higher in fast than in slow muscles of mature rats (Hughes et al., 1993b; Voytik et al., 1993) . Weak MyoD-reactive nuclei present in fast muscle are probably located within the fast muscle fibres because they are abundant and occasionally appear in a central position within fibres. This interpretation is consistent with the high levels of MyoD mRNA or protein in fibres after stretch or denervation (Eppley et al., 1993; Weis, 1994) and with our analysis of reporter transgenic mice expressing nlslacZ from the myoD proximal promoter/enhancer. The frequency of nlsggal-labelled nuclei in these animals is too high to be accounted for by conventional estimates of satellite cell number (Schmalbruch and Hellhammer, 1977; Snow, 1983; Schultz, 1984) , and the majority of nlsflgal is associated with fibres of the fast IIB and 11X classes. Thus, two independent lines of evidence suggest that MyoD is predominantly associated with the fast IIB and 11X classes of fibres.
MyoD protein is also expressed in many mononucleate cells in pre-natal mice (Cusella De Angelis et al., 1992) but MyoD mRNA expression declines during the perinatal period (Eftimie et al., 1991) . At this time the proportion of muscle tissue that is mononucleate myoblasts, as opposed to differentiated muscle fibres, is decreasing. Therefore, it is likely that many of the abundant intensely MyoD-reactive nuclei in postnatal muscle are in myoblasts that are dividing or differentiating during growth, as detected in primary myoblasts in vitro (Cusella De Angelis et al., 1992; Smith et al., 1993) . Due to the abundant MyoD expression in myoblasts in all neonatal muscles, we are unable to determine whether MyoD is differentially expressed between fast and slow neonatal muscle fibres. However, some MyoD-immunoreactivity is present in the nascent myofibres of newborn rodents, as observed in myotubes in vitro (Tapscott et al., 1988; Smith et al., 1993) . Although MyoD appears to decline in neonatal fibres as muscles mature, conditions such as injury, denervation or stretch that lead to re-expression of immature characteristics in muscle fibres also lead to the re-expression of high levels of MyoD mRNA and protein (Eftimie et al., 1991; Fuchtbauer and Westphal, 1992; Grounds et al., 1992; Eppley et al., 1993; Weis, 1994; Koishi et al., 1995) . These correlations suggest that a decline in level of MyoD within muscle fibre nuclei could play a part in fibre maturation.
The rare intensely MyoD-immunoreactive nuclei in adult muscle are probably within active myoblasts. This is suggested by: (1) the high MyoD expression in active neonatal myoblasts, (2) the low frequency of MyoD-reactive nuclei compared to that of satellite cells (Schmalbmch and Hellhammer, 1977; Snow, 1983) and (3) the reported re-activation of intense MyoD-immunoreactivity and mRNA expression after injury of muscle tissue and satellite cell activation (Fuchtbauer and Westphal, 1992; Eppley et al., 1993; Maley et al., 1994; Weis, 1994; YablonkaReuveni and Rivera, 1994) . Thus, the presence of strongly MyoD-reactive nuclei in tissue from normal adult rodents may reflect continued growth or the ongoing turnover or repair of lesions caused by normal exercise in freely moving animals.
Slow jibres in fast and slow muscles are distinct
We observed that MyoD protein and MD6.0-1acZ reporter expression match well in adult muscle, within the limits of detection of each protein. However, the MD6.0-1acZ reporter accumulates to low levels in the slow fibres of soleus but is undetectable in slow fibres in fast muscles. Slow fibres in fast and slow skeletal muscle have distinct morphology and responses to alterations in electrical activity and hormones (Schmalbruch, 1985; Izumo et al., 1986; Westgaard and L@mo, 1988; Ausoni et al., 1990) . If this difference in reporter expression reflects transcriptional regulation, MyoD itself may be expressed differentially between these two slow fibre populations, which would be consistent with the distinct effects of loss of MyoD on slow fibres in fast and slow muscles. Thus, our data argue that all slow muscle fibres are not equal and that MyoD may give a handle on how such differences are generated and maintained at the transcriptional level.
Irrespective of the levels of MyoD in distinct slow fibres, what might lead to differential expression of the MD6.0-1acZ transgene between similar fibres in different muscles? The MD6.0-1acZ transgene could respond to intrinsic differences between individual muscles (Izumo et al., 1986; Westgaard and L@mo, 1988; Loughna et al.. 1990 ). Intrinsic differences are demonstrated by, for example, the opposite effects of T3 on MyHC transcription in different muscles (Izumo et al., 1986) . Interestingly, T3 is known to regulate rnyoD expression in vitro (Carnac et al., 1993) . Alternatively, an extrinsic signal such as the precise pattern of electrical activity the muscle fibre receives from its motoneuron could be responsible. myoD expression appears to be repressed by activity in innervated muscles (Eftimie et al., 1991; Witzemann and Sakmann, 1991) and different motoneurons may repress to different extents depending on their centrally-generated firing pattern (Hughes et al., 1993b) . The elements of the 6 kb 5' proximal region of the myoD promoter present in the transgene that are essential for fibre type-specific expression are unknown.
However, it contains several E boxes and other muscle-specific regulatory sequences (Asakura et al.. 1995) which are good candidates.
MyoD is requiredfor the mair~terxu~ce qf t~ormaljbre type balance in muscles
We found that myoD-'-mice have alterations in the proportions of fibre types in their muscles. Some fast muscles show loss of the fast glycolytic IIB fibres that normally express MyoD and/or an increase in slow type I and fast oxidative type IIA fibres. In contrast, in slow soleus muscle a loss of slow fibres is detected. with a concomitant increase in fast IIA and 11X fibres. These shifts in fibre populations are consistent with the loss or transformation of a small fraction of the fibres that express MyoD in each muscle. It has been reported that up-regulation of myf-5 expression compensates for the lack of MyoD in myoD ' mice (Rudnicki et al., 1992) . We have observed that myf-5 mRNA is also up-regulated in adult myoD ' mouse muscle (Rudnicki, unpublished data) . Therefore, it seems likely that myf-5 protein may partially serve the function of MyoD in adult muscle fibres. However, the observation of shifts in fibre proportions, in particular the loss of the fastest type of fibres in fast muscles, suggests that myf-5 does not fully substitute for MyoD, as previously suggested (Rudnicki et al., 1992) . This view is supported by the finding that fast muscle size, satellite cell proliferation and regeneration is impaired in mice lacking MyoD (Megeney et al., 1996) . Fast fibres of an adult fast muscle also display altered troponin-T isoforms and calcium responsiveness that is consistent with an increased heterogeneity of fast glycolytic fibres (Metzger et al.. 1995) . In addition, the activity of the antioxidant enzyme catalase is slightly raised in myoD ' mice, suggesting a shift towards higher catalase levels typical of slow muscle (Tiidus et al.. 1996) . The relationship of these changes to the altered MyHC expression reported here is unclear. Nevertheless, our studies show that MyoD is required for the precise regulation of the balance of fibres with distinct contractile and/or metabolic properties in adult rodents.
There are three possible explanations for the shift in fibre types in some muscles of myoD4-mice. (1) The lack of MyoD in early development could cause a longlasting change in fibre type independent of MyoD function in the adult. For example, myoD ' mice might have aberrant motoneuronal maturation, or lose a lineage of MyoDexpressing myoblasts and yet survive due to a compensatory expansion of a lineage of myf-5-expressing myoblasts (Cusella De Angelis et al., 1992; Braun and Arnold, 19941, or be defective in fibre types due to failure of satellite cell proliferation (Megeney et al., 1996) . However, it is unlikely that MyoD expression in adult fibres has no function because it is evolutionarily conserved and MyoD changes parallel alterations of MyHC expression upon manipulation of adult muscles (Hughes et al., 1993b) . Overall, developmental effects in myoD_'-mice seem unlikely to underlie the shift in adult fibre types because they fail to explain why the deficiencies are in just those fibres that normally express MyoD in the adult. (2) The lack of MyoD action in one population of adult fibres could lead, through a compensatory shift in the proportions of other fibre types, to more widespread changes. For example, the shift to faster fibres in the soleus could be a consequence of the shift to slower fibres in some fast muscles. But. again this would leave the higher myoD reporter expression in those fibres that are deficient in myoD ' mice as an unexplained co-incidence.
(3) Therefore, we favour the idea that MyoD acts cell autonomously in the several fibre types in which MyoD immunohistochemistry and the MD6.0-1acZ reporter suggest that myoD is expressed. Distinct functions of MyoD in fast fibres of fast muscles and slow fibres of slow muscles could be explained by MyoD acting at different concentrations or with different partner proteins on different target genes. Particular levels of MyoD do appear to regulate transcription in vivo because the rise in myf-5 expression in heterozygous myoD +'-is only half that in homozygous myoD ' mice (Rudnicki et al.. 1992) . Alternatively, MyoD may regulate transcription of different genes in distinct fibre types by acting in combination with other transcription factors that differ between fibres. A wide variety of fibre type-specific regulatory elements in many genes contain E boxes that can regulate expression (see Rao et al., 1996; Nakayama et al., 1996; Shield et al.. 1996 and references therein), although in no case has an E box alone been shown to be sufficient to account for fibre type-specific expression. So, interaction with other regulatory elements and proteins is undoubtedly required to attain correct regulation. It will be important to determine whether other families of proteins also differ between fast and slow fibres. Moreover, MyoD activity may be regulated during myoblast differentiation by phosphorylation (Nakamura, 1993; Skapek et al.. 1995) or compartmentation (Chen et al., 1996) . It is possible that similar mechanisms could control MyoD activity in adult muscle fibres. The target genes for M@D action in adult muscle are unknown. but genes that differ in expression between fast and slow muscles such as contractile proteins or metabolic enzymes are good candidates.
Experimental procedures
Animals
Wistar rats and TO mice were bred in King's College London, UK. myoDm' (referred to in this paper as myoD4-) mice were bred at McMaster University, Canada by mating heterozygous parents and the genotype of young identified by Southern analysis (Rudnicki et al., 1992) . Both outbred and 129s~ inbred myoD4-mice gave similar results. MD6.0-1acZ mouse legs were kindly provided by Dr. Stephen J. Tapscott (Asakura et al., 1995) .
Histochemistry
MyoD was detected using an affinity purified rabbit antiserum raised against TrpE fusion of amino acids 3-3 18 of mouse MyoD (Koishi et al., 1995) . Lower hindlimbs were generally mounted for cryosectioning after removal of skin and tibia, cut at lo-20 pm and collected on gelatin-coated glass slides. Sections were fixed in 4% paraformaldehyde for 30 min at 4°C blocked with 2-5% bovine serum albumin (BSA), O.l-0.25%
Tween 20 in phosphate buffered saline (PBS) and exposed to antiMyoD diluted 150 in 2% BSA, PBS for 1 h at room temperature or 4°C overnight. Sections were washed by repeated changes of PBS and incubated in an affinity purified biotinylated goat anti-rabbit IgG(H + L) secondary antibody diluted 1:300 in 2% BSA, PBS for 0.5-l h. After further PBS washes samples were fixed with -20°C methanol, 5% Hz02 for 20 min, washed, incubated with Vectastain ABC Elite kit for 0.5-1 h and MyoD visualised in 50 mM Tris HCl (pH 7.2), 1 mM diaminobenzidine, 0.01% H?O?. Parallel control sections without primary antibody never showed significant reaction.
MyHC isoforms were detected using isoform-specific monoclonal antibodies A4.840, A4.74, N2.261, A4.951 (Hughes et al., 1993a) and BF-F3 (Schiaffino et al., 1989) and visualised with biotinylated class-specific secondary antibodies, Vectastain ABC kit and diaminobenzidine substrate as described (Hughes et al., 1993a) . A4.840 detects slow MyHC isoforms throughout rodent development. A4.951 detects adult slow MyHC. A4.74 detects IIA MyHC and probably also detects 11X MyHC as it reacts weakly with 11X fibres in adult rat. N2.261 detects epitopes on both slow and fast IIA MyHC in mammalian muscle. BF-F3 detects only IIB MyHC in rodent muscle.
P-Galactosidase was visualised with Xgal substrate using 5 mM ferri-and ferrocyanide on serial sections as described (Hughes and Blau, 1992) . Although in the present paper we take @-galactosidase staining as a measure of transgene mRNA expression, we can not prove that nls-/3-galactosidase metabolism does not differ between distinct muscles or muscle fibre types. However, differences between expression of a variety of reporter genes, including lacZ, in the same construct in fast and slow adult mouse muscles were not found (Rao et al., 1996) . Moreover, previous retroviral cell lineage analyses of muscle using nls-/3-galactosidase as a marker showed that marked cells gave rise to nls-/3-galactosidase in all fibre types in all muscles, although some slow muscle fibres had additional cytoplasmic Xgal reaction (Hughes and Blau, 1992 and unpublished results).
Western analysis
Muscles were dissected from mouse lower hindlimbs, suspended according to muscle wet weight in 100-500 ~1 0.4 M NaCl, 5 mM MgCl*, 1 mM EDTA, 5 pg/ml leupeptin, 5 pg/ml aprotenin, 50 mM Tris HCl (pH 7.2) with 1 mM phenylmethylsulphonyl fluoride and 0.2 mM ATP freshly added, and homogenised at 4°C. In some experiments particulate material, including most of the actin, was removed by centrifugation at 40 000 x g for 30-40 min at 4°C. Samples containing equal total protein were loaded onto 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) minigels to allow good separation of MyoD from residual actin and run at 200 V for l-2 h. Gels were electroblotted onto Amersham Hybond-C Super filters (Kyhse-Andersen, 1984) . Gels and filters were stained with Coomassie blue and Ponceau red, respectively, to ensure complete transfer of proteins in the range M, 20-100 x 103. Filters were washed, blocked with 5% milk powder in PBSlazide and reacted with antiMyoD antibody at 1:50 in 1 ml 2% BSA, PBS in a roller bottle overnight at 4°C. Washes were performed in three changes of 20 ml of PBS for 15 min at 4°C. Goat antirabbit peroxidase-conjugate (Sigma) diluted 1:5000 in 2% BSA, PBS was applied for l-2 h. After extensive washing at 4°C in the same buffer, signal was developed with Amersham ECL kit and ECL film. Quantitation of films was performed with a scanning densitometer.
Statistics
The occurrence of various fibre types in myoD-'-and control mice was analysed statistically. Initial experiments on four experimental myoD ' and three control mouse legs suggested a shift in the fibre type population of some fast muscles towards a slow phenotype. To minimise variation muscles from female myoD ' and control age-matched adult mice were then compared by sectioning pairs of legs from one experimental and one control animal onto the same glass slides and staining sections in parallel for MyHC isoforms. The frequency of positive fibres was then compared in a pairwise analysis. Depending on the muscle either all fibres or around 500 fibres in the same defined area were scored in each muscle of each leg. Legs from of Development 61 (1997) [151] [152] [153] [154] [155] [156] [157] [158] [159] [160] [161] [162] [163] four control (two my&-littermates and two myaDd' females of similar age) and four myoD" mice were compared using a logto transformed paired sample t-test for divergence from a null hypothesis of no difference in the percentage of fibres labelled with each antibody in each muscle (Colquhoun, 197 l) , to avoid errors associated with comparison of percentages.
